Poroelastography is a novel elastographic technique for imaging the time variation of the mechanical behaviour of poroelastic materials. Poroelastograms are generated as a series of time-sequenced effective Poisson's ratio (EPR) elastograms, obtained from the imaged material under sustained compression. In the companion report (Righetti et al 2007 Phys. Med. Biol. 52 1303), we investigated image quality of EPR elastography starting from a theoretical analysis of the performance limitations of axial strain elastography and lateral strain elastography. In this report, we extend this analysis to poroelastography. The theoretical analysis reported in these two companion papers allows understanding the performance limitations of these novel techniques and identifying the fundamental parameters that control their signalto-noise ratio, contrast-to-noise ratio and resolution. The results of these studies also indicate that EPR elastograms and poroelastograms of reasonable image quality can be generated in practical applications that may be of clinical interest provided that advanced elastographic techniques in combination with other commonly employed imaging methods to increase signal-to-noise and contrast-to-noise ratios are used.
Introduction
Poroelastography was recently introduced as a new elastographic technique to monitor the time-dependent mechanical behaviour of poroelastic materials. Poroelastograms are defined as time-sequenced series of effective Poisson's ratio (EPR) elastograms obtained from the imaged material under sustained compression. In poroelastic materials, the EPR describes the coupling between orthogonal strain tensor components and is usually defined as the ratio of the lateral to the axial strain in a volume of material containing both solid and fluid (Christensen 1993 , Ramakrishnan and Arunachalam 1990 , Fortin et al 2003 . This parameter loosely resembles the Poisson's ratio in linearly elastic solids. The EPR is related to the effective compressibility of the material, which itself depends on the ability of the material to change volume under load and allow fluid movement. The temporal behaviour of the EPR of poroelastic tissues under compression is strongly related to the freedom with which interstitial fluid can move within the tissue (Fortin et al 2003) . This behaviour is also representative of the temporal changes occurring in the effective compressibility properties of the tissue due to fluid translocation effects .
We recently showed that ultrasound-based poroelastographic techniques can actually demonstrate and image the spatial distribution of the EPR and its temporal changes in poroelastic phantoms and tissues (Righetti et al 2004 (Righetti et al , 2005b . However, the attainable objective image quality of these novel poroelastographic techniques has not yet been fully elucidated.
In this paper we investigate image quality issues related to poroelastography, starting from an analysis of the image quality factors that characterize EPR elastograms (Righetti et al 2007) . This is accomplished by including the effect of time-dependent phenomena on the image quality of EPR elastography in an upper bound scenario. The quality of poroelastograms is quantified in terms of signal-to-noise ratio, contrast-to-noise ratio and spatial resolution and their tradeoffs. Similar image quality limitations as the one found for EPR elastography are expected to be present also in the case of poroelastography. Furthermore, the image quality of poroelastograms is expected to be affected by additional limitations with respect to EPR elastograms due to temporal effects.
Once the image quality upper bounds of poroelastography are determined, we study an example in which these upper bounds are de-rated. Particularly, for a realistic prediction of these image quality parameters in applications in vivo, we consider the image quality deterioration caused by temporal decorrelation noise effects due to uncontrollable tissue motion. Indeed, it has been demonstrated that this source of noise is one of the predominant causes of elastographic image quality de-rating in applications in vivo (Chandrasekhar et al 2006 , Souchon et al 2003 . Such decorrelation effects are incorporated in the theoretical upper bounds through the use of an empirical model. Finally, we analyse the use of a technique that limits the corruption of poroelastography image quality under such noise conditions.
Methods

Effective Poisson's ratio elastography signal-to-noise ratio as a function of time
A possible way to include time-dependent phenomena in the definition of the EPRSNR e may be the following:
whereν(t) is the lateral-to-axial strain ratio as a function of time while σν(t) is the related standard deviation. This expression is equivalent to equation (3) in Righetti et al (2007) with the added condition that the mean and standard deviation of the EPR are time dependent. The upper bound of equation (1) is given by
and may be evaluated by considering the temporal changes occurring in the mean of the EPR estimate and the temporal changes occurring in the standard deviation of the EPR estimate in an upper bound scenario. For the special case of an unconfined compression of a poroelastic cylinder subjected to sustained uniaxial compression, an analytical expression for the mean of the EPR as a function of time may be derived under special conditions using the biphasic poroelastic model proposed by Armstrong et al (1984) . The global EPR as a function of time is then given bŷ
where ν s is the Poisson's ratio of the solid matrix, H A is the aggregate modulus, k is the permeability, a is the sample radius and α n are the roots of a characteristic equation (for more details, see Armstrong et al (1984) ). This equation can be substituted into the numerator of equation (2). As an alternative to the biphasic model, we have proposed a simple exponential model for the time-dependent changes occurring in the mean of the EPR of the material under compression (Righetti et al 2005) . In this case,
where τ is the time constant of the poroelastic sample andν eq ≈ ν s andν 0 + are the estimated values of the drained and undrained Poisson's ratio, respectively. As in the case of equation (3), the model in equation (4) shows that the mean of the EPR estimates decays with time in an exponential manner and its temporal behaviour can be described by the EPR time constant of the poroelastic sample. An expression of the lower bound of the standard deviation of the EPR has been derived in the companion paper and is given by
whereε a andε l are the estimated axial and lateral strain respectively and σ 2 ε a LB and σ 2 ε l LB are the corresponding variances. In the companion paper, we also demonstrated that, in practical situations, the following condition holds:
where the variance (σˆε l ) LB can be expressed as
where T is the cross-correlation window length, b is the −6 dB beamwidth, b is the interelement transducer pitch, SNR c is the composite SNR (Varghese and Ophir 1997) , f LAT is the maximum frequency of the spectrum of the lateral point spread function and σ 2 (d) CRLB·ρ is the variance of the lateral displacement estimate. The variance σ 2 (d) CRLB·ρ in equation (7) is given by
where ρ is the effective correlation coefficient, which depends on the strain, the correlation length and the wave number (Varghese and Ophir 1997) . More details on equations (7) and (8) may be found in the companion paper.
To arrive at an expression of the denominator of equation (2), we need to consider the changes in time that may affect equation (5). This can be done by analysing how each of the parameters that determine this standard deviation depends on time. In an image quality upper bound scenario, the cross-correlation coefficient, the signal processing parameters and the acoustic parameters in equation (5) are time independent. Note that this statement is strictly correct only because when considering the image quality upper bounds (i.e., variance lower bound) we neglect in vivo decorrelation noise sources, ultrasonic attenuation and nonlinear propagation phenomena, which in general act as de-rating factors for the upper bound limit. We also neglect time-dependent changes that may occur in the sonographic SNR due to fluid exudation. This assumption may indeed be valid because under the compression levels typically used for elastography, the amount of fluid that moves out of the tissue is generally only a small fraction of the total amount of fluid within the tissue.
Consequently,
and the denominator of equation (1) is independent of time.
Therefore, the (EPRSNR e (t)) UB depends only on the temporal behaviour of the mean of the effective Poisson's ratio estimate and it is expected to decay with time in an exponential manner with a time constant that is determined by the elastic, permeability and geometrical properties of the poroelastic material.
Effective Poisson's ratio elastography contrast-to-noise ratio as a function of time
A possible way to include time-dependent phenomena in the definition of the EPRCNR e is as follows:
whereν t (t) andν b (t) are the lateral-to-axial strain ratios in the target (i.e., inclusion) and in the background, respectively, while σ
(t) are the related standard deviations. This expression is equivalent to equation (4) in Righetti et al (2007) with the added condition that the mean and the standard deviation of the estimates are time dependant. Considerations similar to those developed in the previous section for the signal-to-noise ratio may be applied to the contrast-to-noise ratio to determine its temporal behaviour. In this case, the timedependent decay of the (EPRCNR e (t)) UB is determined by the differences between the timedependent behaviours of the EPR mean in the background and the EPR mean in the target. Note that the upper bound of equation (10) is computed by considering isolated backgrounds and targets. This allows neglecting contrast transfer efficiency (CTE) effects (Ponnekanti et al 1995) . Furthermore, this allows computing the (EPRCNR e (t)) UB from the curves of the (EPRSNR e (t)) UB relative to the background and the target, as in the case of axial strain elastography and EPR elastography (Varghese and Ophir 1998) .
Effective Poisson's ratio spatial resolution as a function of time
In the companion paper, the spatial axial resolution of EPR elastography was demonstrated to be (EPRSNR e (t)) UB as a function of the applied strain and time. This graph was obtained for a poroelastic cylindrical sample (40 mm radius) having elastic modulus equal to 5 kPa, drained Poisson's ratio equal to 0.2 and permeability equal to 5 × 10 −10 m 4 Ns −1 , for an ultrasound system having f 0 = 5 MHz, B% = 60%, B l = 1 mm, P = 0.3125 mm, at an SNR s = 40 dB and using W = 10 λ, W = 5 λ. The time-dependent behaviour of the mean of the EPR was estimated using equation (3). The (EPRSNR e (t)) UB was obtained for the gradient strain estimator with no filtering and by assuming to average n = 100 realizations.
where k is a constant that depends on the criterion used for resolution measurements, W is the cross-correlation window length (in mm), W is the cross-correlation window overlap (in mm), B is the system bandwidth, c is the speed of sound in soft tissues (∼1540 ms
) and h is a constant (dimensionless, chosen such that BT min > h).
Similarly, in the companion paper, the spatial lateral resolution of EPR elastography was demonstrated to be
where P is the transducer element pitch (in mm), and B l is the transducer beamwidth (in mm).
To evaluate how the EPR spatial resolution changes with time, equations (11) and (12) should be extended to include the effect of time. However, the theoretical formulation involves only the transducer radiation field parameters and the signal processing parameters, which in an upper bound scenario are time independent. Consequently, the spatial resolution of EPR elastography is expected to be independent of time. In this paper, this is demonstrated using a simulation study similar to the one conducted for EPR elastography. For details about the adaptation of the simulation tool to include time-dependent phenomena, we refer to Righetti et al (2004) . It should be noted that although the resolution is expected to be time independent, the ability to accurately measure it may not be. This is related to the fact that the ability to accurately measure the spatial resolution depends on the contrast-to-noise ratio, which for poroelastograms is generally time dependent. In our simulations, the spatial resolution was evaluated at times corresponding to a sufficiently high contrast-to-noise ratio (>10 dB) and averaging a large number of realizations (200).
Results
Figure 1 shows (EPRSNR e (t)) UB as a function of the applied strain and time for a gradient-based strain estimator. Unlike the axial, lateral and EPR cases, the (EPRSNR e (t)) UB is composed of Figure 2 . Example of a (EPRCNR e (t)) UB as a function of time and strain , computed by assuming a background having elastic modulus = 5 kPa, drained Poisson's ratio = 0.2, permeability = 5 × 10 −10 m 4 Ns −1 and a target having elastic modulus = 10 kPa, drained Poisson's ratio = 0.1, permeability = 10 × 10 −10 m 4 Ns −1 (both were assumed to have 40 mm radii). The (EPRCNR e (t)) UB was computed by assuming the same ultrasound system and processing parameters used for the graph shown in figure 1 and assuming to average n = 100 realizations.
a set of curves, where each of the member curves corresponds to a certain point in time during the poroelastic sample compression. Figure 2 shows an example of a (EPRCNR e (t)) UB as a function of strain and time. Figure 3 shows examples of (EPRCNR e (t)) UB curves as a function of time at a fixed applied strain (2%) for three cases. The temporal behaviours of the means of the EPR in the background and in the targets are shown in figure 3(a). The (EPRCNR e (t)) UB corresponding to the three different targets is shown in figure 3(b) .
As can be observed in figure 3 , the time-dependent behaviour of the (EPRCNR e (t)) UB is given by the relative behaviour of the EPR mean of the background versus the EPR mean of the target, while the time-dependent behaviour of the variances of the EPR of the background and the EPR of the target is expected to be the same (in the image quality upper bound conditions). Observe that, in all cases the (EPRCNR e (t)) UB at t = 0 s equals zero, since at this time both the background and the target behave incompressibly (EPR ∼ 0.5) and therefore no difference between background and target can be discerned. For t > 0 s, the (EPRCNR e (t)) UB increases until a maximum is reached, which corresponds to the maximum difference between the EPR of the background and the EPR of the target. Thereafter, the (EPRCNR e (t)) UB either stays constant or decreases, depending on the relative temporal behaviour of the background and the target.
Figures 4(a) and (b) show the axial resolution of EPR elastography as a function of time for three transducers having different bandwidths B, and the lateral resolution of EPR elastography as a function of time for three transducers having different beamwidths. The poroelastic simulated media have elastic and permeability parameters defined in the figure caption. These simulation results confirm the expectation that the axial and lateral resolutions of EPR elastography do not change significantly with time. The slight resolution deterioration trends with time in figures 4(a) and (b) are attributable to the increased difficulty of accurately estimating the resolution at higher times due to a decrease in the contrast-to-noise ratio. The temporal behaviour of the mean of the EPR of the background is shown in (a) (solid). In (b), the curve (· · · · · ·) was obtained by assuming a target having the same elastic properties as that of the background but a permeability four times higher than the background (the corresponding temporal behaviour of the EPR is shown in (a), dotted); the curve (----) was obtained by assuming a target having the same permeability and elastic modulus as the background but a drained Poisson's ratio that is four times lower than the background (the corresponding temporal behaviour of the EPR is shown in (a), dashed); the curve (-· -) was obtained by assuming a target having twice the permeability, twice the elastic modulus and half the drained Poisson's ratio than those of the background (the corresponding temporal behaviour of the EPR is shown in (a), dashed-point). For these graphs, we used the same ultrasound system and processing parameters used for the graphs shown in figures 1 and 2 and we assumed to average n = 100 realizations.
De-rating of the poroelastography image quality upper bound to account for in vivo decorrelation noise-an example
The analysis of image quality upper bounds of poroelastography does not take into consideration the decorrelation effects that may be encountered in experiments in vivo, which can be significant even shortly after commencement of compression. This implies that in experiments in vivo, the denominator of the EPRSNR e (t) (standard deviation of the noise) is not time independent as in the case of the theoretical upper bound, but it is abruptly corrupted due to uncontrollable tissue motion. This source of noise may be one of the predominant causes of image quality de-rating in in vivo applications (Chandrasekhar et al 2006) . In this section, we use an empirical example to illustrate the temporal changes occurring in the denominator of the EPRSNR e (t) due to such decorrelation noise sources. Thereafter a possible way to reduce such de-rating is considered. In order to derive an empirical model for the temporal behaviour of the denominator of the EPRSNR e (t), the following assumptions are made:
1. In poroelastographic applications in vivo, the correlation coefficient decays with time in an exponential manner with short time constants ( 1 s). 2. The exponential decay of the cross-correlation coefficient is the dominant cause of the time-dependent changes occurring in the standard deviation of the EPRSNR e (t) in poroelastic tissues in vivo. The solid curve refers to a transducer system having centre frequency = 5 MHz, bandwidth = 50%, beamwidth = 1 mm, pitch = 0.15625 mm at a SNR s = 40 dB; the dashed curve refers to a transducer system having the same parameters as the previous one except centre frequency = 3 MHz; and the dotted curve refers to a transducer system having the same parameters as the previous one except centre frequency = 2 MHz. All these resolution measurements were obtained by using W = hc/3B, with h = 5, c = 1540 m s −1 , B as the bandwidth and W = W /2. (b) Lateral resolution of EPR elastography as a function of time for three different ultrasound systems obtained through a simulation study. The solid curve refers to a transducer system having centre frequency = 5 MHz, fractional bandwidth = 50%, beamwidth = 1 mm, pitch = 0.156 25 mm at a SNR s = 40 dB; the dashed curve refers to a transducer system having the same parameters as the previous one except beamwidth = 2 mm; and the dotted curve refers to a transducer system having the same parameters as the previous one except beamwidth = 3 mm. All these resolution measurements were obtained by using W = 2 mm and W = W /2. The parameters of the simulated poroelastic media were the following: for the background: radius = 40 mm, elastic modulus = 5 kPa, drained Poisson's ratio = 0.1, permeability = 5 × 10 −10 m 4 Ns −1 ; for the inclusions: radius = 5 mm, elastic modulus = 50 kPa, drained Poisson's ratio = 0.1, permeability = 5 × 10 −9 m 4 Ns −1 . Each simulation data point in (a)-(b) represents the mean over five realizations each of them being an average over 200 realizations. The error bars represent the standard deviation.
The first assumption is justified by the results of preliminary experiments conducted in our laboratory and recently presented at the International Conference on the Ultrasonic Measurement of Tissue Elasticity (Righetti et al 2006) . We performed a signal decorrelation experiment on leg and arm muscle tissues in vivo. It should be noted that these muscles are currently the only parts of the body where poroelastography experiments have been performed. We analysed the temporal behaviour of the cross-correlation coefficient between the acquired RF data and observed that at increased inter-frame delays, the mean crosscorrelation coefficient of RF frames acquired in vivo decays with time to a certain value and remained constant afterward. We also observed that the decay of the cross-correlation coefficient could be fit to an exponential function with a time constant of approximately 1 s. The coefficients of determination r 2 between the fitting curves and the data were found in all cases to be greater than 0.96. These preliminary results confirmed earlier observations made by Souchon et al (2003) and Chandrasekhar et al (2006) .
The second assumption may be justified as follows. We have previously shown that the signal processing parameters and the system (acoustic) parameters that affect poroelastographic image quality may be assumed to be time independent. We have also observed that the assumption of the time independence of the acoustic parameters may not strictly hold in vivo. For example, the acoustic attenuation may increase with time after the application of the load due to the reduction in water content in the poroelastic medium (Allard 1993 , Mow et al 1980 , and the concomitant reduction in the size of the pores that are acting as the acoustic scattering centres may cause a general decline in the echo backscatter levels. However, in a classical poroelastographic experiment (Konofagou et al 2001 , Righetti et al 2004 , these temporal changes due to fluid flow are expected to be significantly slower than the temporal changes occurring in the cross-correlation coefficient due to uncontrollable tissue motion. For example, at infinitesimal compressive strains (as those that are typically used in elastography) compaction of the pores is expected to occur only after several seconds of tissue compression (Holmes and Mow 1990) . Furthermore, it is also expected that the effect on the poroelastographic image quality parameters of these temporal changes due to fluid flow would be significantly less important than the effect of the temporal changes occurring in the cross-correlation coefficient due to the highly nonlinear relationship between elastographic signal-to-noise ratio and cross-correlation coefficient (Céspedes and Ophir 1993) .
Given these two assumptions, an empirical model for the σν(t) in experiments in vivo can be obtained as illustrated in the following example. We consider a poroelastic material that is subjected to an unconfined unit step compression. We assume that the poroelastic material is tested in experimental conditions (in vivo) so that the effective correlation coefficient decays exponentially in time with a time constant equal to 0.5 s ( figure 5(a) ). This arbitrary time constant value is chosen as a worse case scenario with respect to the results showed by Righetti et al (2006) figure 5(a) . The temporal behaviour of the mean of the EPR (numerator of EPRSNR e (t)) for the example considered is shown in figure 5(b) (details for the simulated media may be found in the figure caption). Given these parameters, we can predict the temporal changes occurring in the EPRSNR e (t) due to uncontrollable motion sources. The resulting EPRSNR e (t) as a function of time is shown in figure 5(c) for three values of applied strain (2%, 5% and 10%). Observe the rapid decrease of the EPRSNR e (t) shortly after t = 0 s due to the decrease of the cross-correlation coefficient. Observe that the EPRSNR e (t) (figure 5(c)) decays much faster than the cross-correlation coefficient ( figure 5(a) ), due to the highly nonlinear relationship between SNR e and the cross-correlation coefficient (Céspedes and Ophir 1993) . Observe also that during the time interval shown, the mean EPR ( figure 5(b) ) does not change as significantly as the EPRSNR e (t) ( figure 5(c) ). Therefore the drop in the SNR must be predominantly attributed to the increase of the standard deviation of the noise caused by the decrease of the cross-correlation coefficient ( figure 5(a) ).
The results shown in figure 5 indicate that the temporal behaviour of the signal-tonoise ratio not only dictates the use of ultrasound systems capable of very fast frame rates, but also poses limitations on the feasibility of performing poroelastography experiments in vivo, since it is well known that poroelastic phenomena generally occur in tissue only after several seconds of compression . To overcome these limitations, we have recently introduced a new compression/acquisition technique for poroelastography that allows long data acquisition times with simultaneous minimization of the decorrelation due to undesired tissue motion in vivo (Righetti et al 2005a) . The new method requires data acquisition throughout the compression phase. Thereafter, the time in which relaxation occurs is subdivided into shorter time segments, and the post-compression frame acquired at the end of each segment represents the pre-compression frame for the following segment. For the estimation of the EPR at a given time, the contribution of all the differential strains computed for the segments previous to that time must be considered. More details on the new methodology may be found in Righetti et al (2005a) . We have shown that, if the (a) Cross-correlation coefficient as a function of time corresponding to 2% applied strain (the cross-correlation coefficients corresponding to 5% and 10% applied strains were not distinguishable from that shown at the scale used for (a)); (b) effective Poisson's ratio mean as a function of time for a cylindrical poroelastic sample having 40 mm radius, 5 × 10 −10 m 4 Ns −1 permeability and 5 kPa aggregate modulus and drained Poisson's ratio = 0.2 (the EPR means corresponding to 5% and 10% applied strains were not distinguishable from the one shown at the scale used for (b)); (c) EPRSNR e (t) as a function of time for three different values of strain (2%, dotted, 5% dashed and 10% solid). These graphs were obtained for an ultrasound system having centre frequency = 5 MHz, fractional bandwidth = 50%, beamwidth = 1 mm, pitch = 0.3125 mm, at a SNR s of 40 dB, and using W = 10 λ, W = 5 λ. The time-dependent behaviour of the mean of the EPR was estimated using equation (3). The EPRSNR e (t) curves were obtained for the gradient strain estimator and assuming to average n = 100 realizations (no filtering).
inter-frame delay between the frames that are correlated is chosen to be sufficiently small with respect to the cross-correlation time constant, the new methodology allows high crosscorrelation values to be maintained even at relatively long acquisition times. For the purpose of illustration, figure 6 shows the EPRSNR e (t) for the original method (figure 6(a), dotted curve) and for the new method (figure 6(a), dashed curve). For comparison the ideal (EPRSNR e (t)) UB corresponding to a case of standard deviation time independent is also reported (solid). The corresponding standard deviations for the three cases are shown in figure 6 (b). Poroelastography Noise SD Figure 6 . (a) EPRSNR e (t) as a function of time when poroelastograms are generated using the original methodology (dotted) and the new methodology (dashed). For comparison the ideal (EPRSNR e (t)) UB corresponding to a case of standard deviation time independent is also reported (solid). (b) Corresponding standard deviation as a function of time when poroelastograms are generated using the original methodology (dotted) and the new methodology (dashed). For comparison the ideal upper bound case of standard deviation time independent is also reported (solid). These graphs were generated using the same parameters used for generating the graphs in figure 5 , at a 2% applied strain. For the new method an inter-frame delay of 0.1 s (i.e., five times lower than the cross-correlation time constant) was used.
Discussion and conclusions
In this paper and the companion paper, we have analysed the major quality factors that affect the performance of EPR elastography and poroelastography. Image quality analysis was expressed in terms of upper bounds of the signal-to-noise ratio, contrast-to-noise ratio and resolution and their tradeoffs. The image quality analysis of EPR elastography (Righetti et al 2007) showed that the upper bound of the performance of EPR elastography is determined by the performance limitations of lateral strain elastography. Therefore, the signal-to-noise ratio and the contrast-to-noise ratio of EPR elastography are significantly lower than those predicted for axial strain elastography, under the same system and processing-parameter conditions. In this paper, the analysis was extended to evaluate image quality performance of poroelastography. Poroelastography deals with imaging the temporal changes of the EPR in poroelastic materials. Therefore, for the image quality analysis of poroelastography, we needed to evaluate the performance of the EPR elastography factors with respect to time. The results of our analysis show that in an upper bound scenario, the signal-to-noise and contrastto-noise ratio of poroelastograms exhibit temporal changes only due to the mean of the EPR estimate and not due to its standard deviation. Such changes can be predicted using known poroelastic models. The upper bound of the resolution, instead, is found to be independent of time.
In applications in vivo the temporal performance of poroelastography is corrupted by decorrelation effects due to uncontrollable tissue motion, which may occur much faster than the EPR temporal changes. In this paper we provided an example, which demonstrates the de-rating of the signal-to-noise of poroelastograms due to such decorrelation effects. To overcome decorrelation image quality limitations, the use of acquisition/processing methods that are more robust than the traditional methodology are required. We demonstrated that the use of one of such methods may improve the signal-to-noise ratio significantly. Decorrelation noise due to uncontrollable tissue motion may be one of the primary causes of image quality deterioration in elastography in vivo. Other causes may be ultrasonic attenuation and nonlinear propagation effects Ophir 1997, Varghese et al 2000) . A future investigation of the impact of these de-rating factors on the attainable image quality of EPR elastography and poroelastography may provide additional important insights on the practical limitations of these techniques.
